Porometry, porosimetry, image analysis and void network modelling in the study of the pore-level properties of filters by Gribble, CM et al.
Chemical Engineering Science ] (]]]]) ]]]–]]]Contents lists available at ScienceDirectChemical Engineering Science0009-25
doi:10.1
n Corr
E-m
Pleas
porejournal homepage: www.elsevier.com/locate/cesPorometry, porosimetry, image analysis and void network modelling in the
study of the pore-level properties of ﬁltersChristopher M. Gribble a, Graham Peter Matthews a,n, Giuliano M. Laudone a, Andrew Turner a,
Cathy J. Ridgway b, Joachim Schoelkopf b, Patrick A.C. Gane b,c
a School of Geography, Earth and Environmental Sciences, University of Plymouth, Drake Circus, Plymouth PL4 8AA, UK
b Omya Development AG, CH-4665 Oftringen, Switzerland
c Aalto University, School of Chemical Technology, Department of Forest Products Technology, P.O. Box 16300, 00076 Aalto, Finlanda r t i c l e i n f o
Article history:
Received 28 February 2011
Received in revised form
4 May 2011
Accepted 9 May 2011
Keywords:
Filtration
Porous media
Mercury porosimetry
Mathematical modelling
Membranes
Porometry09/$ - see front matter & 2011 Published by
016/j.ces.2011.05.013
esponding author. Tel.: þ44 1752 584798; fa
ail address: pmatthews@plymouth.ac.uk (G.P
e cite this article as: Gribble, C.M., e
-level properties of ﬁlters. Chemicala b s t r a c t
We present fundamental and quantitative comparisons between the techniques of porometry (or ﬂow
permporometry), porosimetry, image analysis and void network modelling for seven types of ﬁlter,
chosen to encompass the range of simple to complex void structure. They were metal, cellulose and
glass ﬁbre macro- and meso-porous ﬁlters of various types. The comparisons allow a general re-
appraisal of the limitations of each technique for measuring void structures. Porometry is shown to give
unrealistically narrow void size distributions, but the correct ﬁltration characteristic when calibrated.
Shielded mercury porosimetry can give the quaternary (sample-level anisotropic) characteristics of the
void structure. The ﬁrst derivative of a mercury porosimetry intrusion curve is shown to underestimate
the large number of voids, but this error can be largely corrected by the use of a void network model.
The model was also used to simulate the full ﬁltration characteristic of each sample, which agreed with
the manufacturer’s ﬁltration ratings. The model was validated through its correct a priori simulation of
absolute gas permeabilities for track etch, cellulose nitrate and sintered powder ﬁlters.
& 2011 Published by Elsevier Ltd.1. Introduction
We present a critique of the limitations of single-technique
characterisations of the void space of porous media, and a
quantitative investigation of the additional information, which
can be gained from a Cartesian void network model. The experi-
mental samples are metal, cellulose and glass-ﬁbre macro- and
meso-porous ﬁlters of various types.
For purposes of discussion, it is convenient to categorise void
space architecture into four levels. The primary structure of a
porous material is taken to be the distribution of void sizes, the
secondary structure the connectivity of these voids, the tertiary
structure the relationship between the sizes of voids and the sizes
of their immediate connecting neighbours, and the quaternary
structure the size auto-correlations and gradations over the
sample as a whole. These different levels of structure contribute
to important properties of the sample, such as its ﬁltration
efﬁciency and capacity (Price et al., 2009), absorption and wetting
characteristics (Ridgway et al., 2001; Wallqvist et al., 2009), and
the adsorption and diffusion of pore ﬂuids (Laudone et al., 2008;Elsevier Ltd.
x: þ44 1752 584790.
. Matthews).
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Engineering Science (2011Meyers et al., 2001). The quaternary structure determines the
anisotropy of these characteristics relative to the direction of
application or ﬂow of ﬂuids.
In this work, we use mercury porosimetry (Calvo et al., 1995),
porometry (Calvo et al., 1995; Li et al., 2006; MiettonPeuchot
et al., 1997) and scanning electron microscopy (SEM) with image
analysis (Ziel et al., 2008). In mercury porosimetry the volume of
mercury intruded into a porous sample is measured at increasing
applied pressures, allowing time for equilibrium to be established
at each pressure. It is a popular method for the characterisation of
mesoporous and macroporous structures (Lowell et al., 2004;
Thommes et al., 2008), and inferences about the surface texture of
the macropores can be made from measuring the extrusion of
mercury as the applied pressure is released (Rigby and Chigada,
2010).
Porometry, also referred to as ﬂow permporometry, is a non-
destructive technique used for quality control purposes in the
ﬁltration industry (MiettonPeuchot et al., 1997). It involves the
expulsion of a fully wetting ﬂuid from a saturated porous medium
by increasing the gas pressure, with higher gas pressures relating
to smaller pore diameters. The ﬂow rates at particular pressures
are compared to ﬂow rates at corresponding pressures in a ‘dry’
run, carried out after all the wetting ﬂuid has been expelled in the
initial run. Additional information may be obtained by addingy, image analysis and void network modelling in the study of the
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A recent work by Mourhatch et al. (2011) uses porometry to
determine the pore size distribution of silicon carbides. They use
as a starting point the bundle of capillary tubes approximation,
described in more detail below. They show that by invoking a 3D
invasion percolation model, a good ﬁt to experimental porometry
results can be obtained. However, the results are not cross-
checked against other experimental methods, as in the
present case.
SEM can be used to image the surfaces of porous materials,
with its limited depth of ﬁeld providing some information in the
third dimension. Two-dimensional image analysis of the micro-
graphs allows a quantitative assessment of microstructure, as
well as other characteristics such as defects in construction
(Rasband, 2008).
Additional experimental techniques are available but not used
in this work, including nuclear magnetic resonance (NMR) (Gane
et al., 2004; Matthews et al., 2006; Rigby et al., 2002), micro-focus
X-ray (MFX) imaging (Rigby et al., 2002) and gas adsorption,
which is more appropriate for nanoporous materials (Lowell et al.,
2004; Ravikovitch and Neimark, 2002).
The network model, ‘Pore-Cor’, has been described in previous
publications (Price et al., 2009). In this work, we apply it for the
ﬁrst time to porometry, which necessitates an extrapolation of
the experimental data from the instrument. Pore-Cor has been
previously used to model a range of materials such as soil (Peat
et al., 2000), sandstone (Matthews et al., 2006), catalysts and
paper coatings (Laudone et al., 2005; Ridgway and Gane, 2002).
The network model has also been used as a predictive tool for the
study of absorption, diffusion and ﬁltration (Laudone et al., 2008;
Price et al., 2009; Ridgway and Gane, 2002). A comparison
between image-analysed micrographs and simulated microtom-
ing showed that the traditional interpretation of mercury por-
osimetry grossly underestimated the void sizes of a range of
sandstones, but that this could be compensated by modelling
(Matthews et al., 2006).
There have been many previous multi-technique investiga-
tions of pore structure and pore architecture. A previous compar-
ison of porosimetry and porometry showed that the latter is
skewed towards smaller pores (Calvo et al., 1995; Li et al., 2006),
as conﬁrmed below, and Rigby and Daut (2002) and Rigby et al.
(2002) have also carried out comparisons. However, multiple
techniques are usually combined to give structures over a wider
range of void sizes, rather than being critically compared. For
example, mercury porosimetry and nitrogen sorption have been
used to measure macroscopic (410 mm) and microscopic
(o10 mm) voids separately (Rigby, 2000), and SEM and nitrogen
adsorption have been used in the study of SiO2 thin ﬁlms (Sel
et al., 2007). Rocks (Tsakiroglou et al., 2009) and soils have also
been similarly studied, with the structure expressed as primary
pores and throats, and a secondary fractal pore system.2. Theoretical considerations regarding porosimetry and
porometry
Using the Laplace equation it is possible to calculate the size of
a cylindrical pore-throat (‘throat’) intruded by a non-wetting ﬂuid
applied at a pressure P relative to the evacuated void space within
a sample:
d¼4gcosy
P
ð1Þ
Mercury intrusion measures the volume V of mercury intruded
at a pressure P, corresponding to a throat diameter d. Mercury
typically has a mercury/solid/vacuum contact angle y of betweenPlease cite this article as: Gribble, C.M., et al., Porometry, porosimetr
pore-level properties of ﬁlters. Chemical Engineering Science (20111301 and 1401 and interfacial tension g of 0.485 Nm1 (van Brakel
et al., 1981).
A frequent, usually implicit, approximation is to assume that
the void space comprises a bundle of aligned capillary tubes.
Suppose for purposes of illustration that there are n1 such tubes of
diameter d1 and length l1, n2 of diameter d2 and length l2 and n3 of
diameter d3 and length l3, where d14d24d3. We assume that d1,
d2 and d3 are logarithmically distributed, i.e. that d1/d2¼d2/d3, as
typically found for natural samples. Suppose that there is a
constant relationship between the diameters d of each feature
and their lengths l, such that l¼sdm, where s and m are assumed
constant for all features. Suppose mercury at a pressure P2 is
applied, where ðð4gcosyÞ=d3Þ4P24ðð4gcosyÞ=d2Þ . Then a
volume VP2 of mercury will intrude all the tubes of diameter d1
and d2, where by simple geometry:
VP2 ¼
n1pd21l1
4
þ n2pd
2
2l2
4
¼ sp
4
ðn1d2þm1 þn2d2þm2 Þ ð2Þ
Analogously, if there is an increase to a pressure
P34ðð4gcosyÞ=d3Þ, such that features of size d3 are intruded,
then
VP3 ¼
sp
4
ðn1d2þm1 þn2d2þm2 þn3d2þm3 Þ ð3Þ
For any applied pressure, PN, noting that the distribution of the
N sizes is discrete rather than continuous
VPN ¼
sp
4
XN
i ¼ 1
nid
2þm
i ð4Þ
Almost universally in the literature, the ﬁrst derivative of the
porosimetry intrusion curve dV=dðlog10dÞ is calculated, as shown
schematically in Fig. 1, which we will refer to simply as the
gradient. However, remembering that di is logarithmically dis-
tributed, from Eq. (3):
dVPN
dðlog10dÞ
C
ð2þmÞsp
4
XN
i ¼ 1
nidi
1þmpnd1þm for s,m const ð5Þ
i.e. not that dVPN=dðlog10dÞpn only, as is almost universally
assumed in the literature. The persistence of the wrong assump-
tion is based on the partial, but unquantiﬁed, cancellation of two
implicit approximations, namely, this assumption of number
rather than volume, which over-estimates the numbers of voids
of larger sizes, and the ignoring of shielded pore space, which
underestimates voids of larger sizes. Shielded pore space is that
for which the only access is via a throat of smaller diameter
(Fig. 2(a) and (b)).
When carrying out mercury porosimetry, the breakthrough of
mercury from one side of the sample to the other occurs close to
the point of inﬂection of the mercury intrusion curve at a break-
through pressure Pbk, equivalent to a breakthrough diameter dbk
via Eq. (1). As illustrated in Fig. 1, the volume intruded at Pbk
(diameter dbk) is generally around 50% of the total intrusion
volume.
Porometry also uses Eq. (1). with an assumed contact angle of
1801 for air against a wetting liquid, and the assumption that the
gradient, as deﬁned above, gives the relative number of features
of a certain size d. However, in the case of porometry, measure-
ment does not start until the bubble point pressure, correspond-
ing to a size dbp via Eq. (1), at which gas ﬁrst breaks through the
sample. At this point, gas has already displaced ﬂuid from all
features larger and upstream of those controlling the break-
through ﬂow path through the sample. The porometry bubble
point (Pbp, dbp) therefore corresponds to the breakthrough point
(Pbk, dbk) in mercury intrusion. Consequently, the characteristic
porometry curve covers only void sizes smaller than dbp, and its
traditional interpretation exaggerates the number of smaller voidy, image analysis and void network modelling in the study of the
), doi:10.1016/j.ces.2011.05.013
Fig. 2. Comparison of how mercury porosimetry and porometry probe the pore
architecture of schematic structures with simple quaternary level pore architec-
ture. Mercury for standard porosimetry is applied in the direction of the black and
grey arrows, and for shielded mercury porosimetry in the direction of the grey
arrows only. Air, for porometry, is applied in the direction of the black arrows.
Porometry would not be able to differentiate between the four different
structures.
Fig. 1. Schematic graph showing how extrapolated porometry data should compare with mercury intrusion data, and how mercury porosimetry and porometry data are
interpreted using the capillary bundle model.
C.M. Gribble et al. / Chemical Engineering Science ] (]]]]) ]]]–]]] 3sizes relative to porosimetry. Once the bubble point has been
reached, air ﬂows through the sample in a totally different way
from mercury. Assuming that the ﬂow is laminar, it will obey
Poiseuille’s equation, such that the volumetric ﬂow rate Q of the
gas is
Q ¼ DPpd
4
128Zl
ð6Þ
where DP is the pressure differential across the sample, equated
to P in Eq. (1), and Z is the kinetic viscosity of the gas. Roughness
will affect the validity of Poiseuille’s relationship in Eq. (6), as will
constrictions and other deviations from a cylindrical geometry. By
analogy with Eq. (2) and assuming aligned capillary tubes
QDPN ¼
DPNp
128Z
XN
i ¼ 1
nid
4
i
li
¼ DPNp
128Zs
XN
i ¼ 1
nid
4m
i pnd
4m ð7Þ
In porometry, the absolute ﬂow Q at a particular differential
pressure, rather than the gradient differential of the intrusion
curve as in porosimetry, is used to ﬁnd the void size distribution,
and almost universally it is assumed that m¼2 in Eq. (7).Please cite this article as: Gribble, C.M., et al., Porometry, porosimetr
pore-level properties of ﬁlters. Chemical Engineering Science (2011However, equating the proportionalities in Eqs. (5) and (7),
m¼3/2 is the one condition whereby porosimetry and porometry
deliver the same proportional distribution.
Shielded pore space is largely ignored by porometry (Fig. 2).
For ﬁltration purposes, this shielded pore space will add to the
holding capacity but not greatly affect the ﬁltration size char-
acteristics. So, porometry is valid for the measurement of ﬁltra-
tion characteristics.
Fig. 2(a) and (b) show cross-sections of structures with
different pore geometries, but with the same initial mercury
intrusion (percolation or drainage) characteristics because there
is initially an identical size/volume progression from large to
smaller void features within the void network. However, mercury
extrusion (imbibition) would detect the difference between the
networks if the single entry (‘ink bottle’) pore to the left in
Fig. 2(a) is much larger (typically more than ﬁve times larger)
than its entry throat so that snap-off occurs (Dawe and Egbogah,
1978). Structures (c) and (d) have the same diameter throat with
different volumes and tortuosities. In theory, mercury porosime-
try should be able to detect the difference between these
structures, because for structure (d) there would be greater
volume of piston ﬂow down the throat once the required pressure
was reached according to Eq. (1). In real samples, however,
differences of this type are more subtle and difﬁcult to detect.
The application of porometry to the samples in Fig. 2 would
involve initial application of a proprietary wetting ﬂuid in the
direction of either the black or grey arrows, which is then held in
the structures by capillarity. Air, subsequently applied in the
direction of either the black or grey arrows, would break through
all the structures at the same pressure, so would be unable to
differentiate between them. The ﬂow rates through the dry
structures, largely controlled by the smallest throats within
critical ﬂow pathways, would also be identical. So, porometry
would suggest a distribution of smaller voids than porosimetry, as
found for real samples (Calvo et al., 1995; Li et al., 2006).
If in shielded porosimetry the tops of the schematic samples are
resin embedded, mercury will intrude in the direction of the grey
arrows only (Fig. 2). So, it would mimic porometry and be unable to
differentiate between the four structures. However, the fact that the
results of standard porosimetry, and those of porometry or shielded
porosimetry, were different, would identify that the structures had ay, image analysis and void network modelling in the study of the
), doi:10.1016/j.ces.2011.05.013
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face with large pores, and one with small.
A quantitative comparison between porometry and porosimetry
can bemade using the void network model. In order to derive directly
comparable void structures from the two techniques, we assume that
the porometry curve commences at 50% of the intruded volume by
analogy with the mercury porosimetry curve, as shown in Fig. 1. We
also specify one point dext on the extended porometry asymptote at
low pressure/large size, the same distance above the bubble point dbp
on the logarithmic axis as the high pressure/small size asymptote
dFmax is below it, as shown in Fig. 1, so that:
dext ¼ d2bp=dFmax ð8Þ
The result is that we have extended the porometry curve so
that it is equivalent to a porosimetry curve. However, there are no
experimental points between dbp and dext for the model to ﬁt.
Therefore, the model is free to simulate any mercury intrusion
characteristic between those two points, and so there can be wide
variations between different stochastic realisations of the model,
illustrated as estimates 1 and 2 in the ﬁgure (and later in Fig. 12).
This is a direct consequence of porometry omitting much of the
larger detail of the pore structure. The stochastic variation could
be reduced by comparing the simulated permeability of different
stochastic realisations with the permeability measured by the
porometer during its dry runs.2.1. Network model
The simulated void network structure within the Pore-Cor net-
work model comprises cubic unit cells connected inﬁnitely in each
Cartesian direction. Each unit cell itself comprises a 101010
array of pores, with up to 3000 interconnecting throats, arranged in a
regular Cartesian array with periodic boundary conditions, such that
ﬂuid exiting one face of a unit cell enters the opposite face of the
adjoining replicate unit cell (Fig. S5). An annealed amoeboid simplex
is used to ﬁnd a structure that closely matches the porosimetry or
porometry characteristics of an experimental structure by varying
various ﬁtting parameters controlling the geometry of the network.
The model takes an implicitly Bayesian approach, by initially assum-
ing typical relationships between the sizes of pores and their
adjoining throats. The ﬁtting parameters are termed connectivity,
pore skew, throat skew, throat spread and correlation level. Con-
nectivity is the average number of throats per pore. Pore skew bulks
up pores relative to the sizes of adjoining throats. The correlation
level varies from zero (completely random) to 1. The value 1 repre-
sents a chosen ordered structure such as a vertically layered structure
(as in the present work), a horizontally layered structure, or a
structure with spherical zones of small or large voids. The type of
ordered structure is chosen by the user, in the knowledge that an
unsuitable structure type will not allow a ﬁt to the experimental data.
Throat spread widens the spread of the logarithmically distributed
throat size distribution of throat sizes, described by an Euler beta
function. It also determines whether the distribution is unimodal or
bimodal. Throat skew controls the skew of the Euler beta distribution.
A full mathematical description of these parameters has been
published recently (Matthews et al., 2010).
Application of the Pore-Cor model to porometry has the
advantage of estimating all the void space of a porous sample,
and hence its holding capacity. Absolute numbers of features per
unit volume of sample may be calculated or absolute volumes of
features at each size. A direct simulation of the ﬁltration capacity
of the modelled structure can be calculated, which describes the
gradual increase of differential pressure, decrease in holding
capacity and increase in ﬁltration capability as the ﬁlter captures
increasing numbers of particles (Price et al., 2009).Please cite this article as: Gribble, C.M., et al., Porometry, porosimetr
pore-level properties of ﬁlters. Chemical Engineering Science (2011Validation of the model was made by comparing the absolute
gas permeabilities of the modelled structures, calculated using an
incompressible ﬂuid trickle-ﬂow approximation (Matthews et al.,
1995), with experimental measurements from the porometer, as
described below.3. Experimental
3.1. Materials
Three ﬁlters from Whatman were investigated: a Nucleopore
track etch membrane, with a ﬁltration rating of 1.0 mm (lot
number 5102005), a grade 1 ﬁlter paper with a ﬁltration rating
of 11 mm (catalogue number 1001 042), and a cellulose nitrate
ﬁlter with a ﬁltration rating of 0.45 mm (reference number 7184-
004 lot number FN0056-1).
Two ﬁlters prepared by the Porvair Filtration Group were
studied. One was a stainless steel mesh ﬁlter ‘3AL3’ that had a
ﬁltration rating of 3 mm. The second was a specially constructed
compound ﬁlter comprising two different stainless steel sinters.
One was coarse with pore features greater than 20 mm, and the
other had a pore size distribution of approximately 0.5–1.5 mm. A
stainless steel sinter with a pore size of 2–5 mm from Aegis
Advanced Materials Ltd., U.K, was also characterised. The seventh
sample was a Fisherbrand GF300 Glass Fibre Filter with a ﬁltra-
tion rating of 0.7 mm.
Different samples of each ﬁlter type were used for each
experiment, because the experiments required irreversible treat-
ment of the samples, such as gold coating or intrusion of mercury.
It was assumed that all the different instances of each sample
type were identical. This assumption was validated by running all
porometry measurements in triplicate, which showed negligible
difference between the replicates.
3.2. Mercury porosimetry
Mercury porosimetry was performed on a Micromeritics
AutoPore III 9420 or Autopore IV 9520 mercury porosimeter
(Micromeritics Corporation, USA) with a pressure table from
0.01 to 400 MPa, following ISO 9001:2008 protocols. The equili-
brium time for each pressure point was 30 s. The pressure values
were converted into pore diameters using the Laplace equation,
Eq. (1). The pore diameter was subsequently plotted against the
gradient of the intrusion curve (as deﬁned previously) to give a
volumetric distribution of pore size.
3.3. Porometry
Porometry was performed on a Porvair Porometer 4 (Porvair
Filtration Group, UK), with control software written by Laudone
to control the instrument and carry out the extrapolation
described earlier. The sample chamber had a diameter of
25 mm. The samples were ﬁrst wetted by soaking in the proprie-
tary wetting ﬂuid, Poroﬁl, supplied by Beckman Coulter. Poroﬁl
has a low vapour pressure 0.4 kPa, a low reactivity and a low
interfacial tension of 0.016 Nm1, and it is assumed the samples
are fully wetted, i.e. y¼0, Eq. (1) (Calvo et al., 1995; Li et al., 2006;
MiettonPeuchot et al., 1997; Solcova et al., 2006). The samples
were placed in the sample chamber, additional Poroﬁl was added
to ensure the samples were saturated, and then the sample
chamber was sealed. A wide range of applied pressure was chosen
initially, and then reﬁned to that appropriate for the particular
sample. The subsequent dry run, against which the wet run was
compared, gave the ﬂow rates of gas through the dry sample at
applied pressure within the chosen range, and hence a directy, image analysis and void network modelling in the study of the
), doi:10.1016/j.ces.2011.05.013
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the model. Subtraction of the wet ﬂow run from the dry ﬂow run
gave the net hold-ups of ﬂow at each pressure, which were
converted to pore diameters via Eq. (1).
3.4. Scanning electron microscopy and image analysis
Scanning electron microscopy was performed on a Jeol JSM-
5600 LV or Jeol JSM-6100 SEM (Jeol Ltd, Japan) under high
vacuum conditions in secondary electron mode. The non-con-
ductive samples were coated with gold before imaging. The SEM
images were analysed using ImageJ (Rasband, 2008) to obtain the
feret diameter of the porous features, where the feret diameter is
the longest direct distance between any two points on the
boundary of the void feature. Size calibration was based on the
SEM image scale-bars. The images were thresholded using ImageJ
to distinguish between void space and material. The thresholding
also removed imperfections such as scratches on the surface.
Feret diameters were converted to histograms to combine the size
distributions obtained from a minimum of eight images from
each sample.Fig. 3. SEM image of 1 mm-rated track etch membrane, with 5 mm scale bar.4. Modelling
The mercury porosimetry samples were corrected for the blank
chamber run, mercury compression and compressibility of the
sample using Pore-Comp (Gane et al., 1996). No allowance was made
for any distortion of the sample by the intruding mercury, which
would be likely in the case of the glass ﬁbre and paper ﬁlters.
Compression and distortion of the samples under the maximum
pressure applied during porometry (600 kPa) was assumed to be
insigniﬁcant.
Porosimetry and porometry sample data were modelled with
Pore-Cor Research Suite v6.31 to generate a stochastic series of
ﬁve void structures, all of which closely matched the experimen-
tal data. The most representative stochastic realisation of the ﬁve
(i.e. with all the parameters closest to the mean of the set of ﬁve)
was chosen for comparison with the experimental pore size
distribution and ﬁltration results (Tables S1–S7 in the Supple-
mentary Information). Filtration was simulated by a succession of
single particles, randomly chosen from an arbitrary distribution of
sizes close to the quoted ﬁltration rating (Price et al., 2009). Each
particle followed a stochastic path through the medium, with the
highest probability of it being in the path of maximum ﬂux
(Fig. S5). Any particle encountering a feature smaller than its
own diameter was trapped (strained), and blocked the feature,
whereupon the ﬂow paths and pressure differential across the
sample were recalculated prior to entry of the next particle.
The model was validated by comparing the permeability of the
modelled structure, calculated with an incompressible ﬂuid approx-
imation, with that of the experimental sample measured directly
using the porometer. For permeability all ﬁve stochastic realisations
were used, and the mean and standard deviation of the ﬁve perme-
abilities, expressed on a logarithmic scale, was used for comparison
with experiment.Fig. 4. Pore size distribution for a Whatman track etch membrane determined
using image analysis, mercury porosimetry and porometry with a pore size
distribution calculated by the Pore-Cor model for porometry and mercury
porosimetry.5. Results and comparisons
5.1. Characterisations
All samples were characterised by appropriate combinations
of porometry, porosimetry, scanning electron microscopy and
image analysis. The results are reported below and in the appendices.
However, they do not include measurements of s and m (Section 2).Please cite this article as: Gribble, C.M., et al., Porometry, porosimetr
pore-level properties of ﬁlters. Chemical Engineering Science (2011Those would require a porosimeter that was so sensitive that the
intrusion of individual features could be detected, and we are not
aware that measurements from any such device have been reported
in the literature.
5.2. Network model
All the experimental porosimetry and porometry results were
ﬁtted using the Boltzmann-annealed amoeboid simplex of Pore-
Cor Research Suite version 6.31, with stochastic generations
handled as described above (Tables S1–S7).
5.3. Comparisons
The simplest void structure was that of the Whatman track
etch membrane, an SEM of which is shown in Fig. 3. Image
analysis gave a porosity of 26.8%, a modal feature size of 0.8 mm
with a distribution of 0.5–2.5 mm (Fig. 4). The void sizes obtained
directly from porosimetry cover a narrow size range around
0.7 mm. The range for porometry is even smaller at around
1.1 mm, very close to the manufacturer’s ﬁltration rating of
1 mm. It can be seen that modelling spreads the distributions, iny, image analysis and void network modelling in the study of the
), doi:10.1016/j.ces.2011.05.013
C.M. Gribble et al. / Chemical Engineering Science ] (]]]]) ]]]–]]]6the case of mercury porosimetry nearly to 3 mm. Fig. 3 shows that
these larger sizes arise from overlapping pore tracks. Individual
overlaps may not extend through the entire thickness of the
sample, so do not alter the ﬁltration characteristic. This is
conﬁrmed using the model to simulate ﬁltration (Price et al.,
2009; Fig. 5). The relative pressure drop axis shows the pressure
build up, and the vertical axis the accompanying increase in ﬁlter
efﬁciency, as an increasing number of particles in the range 0.5–
0.8 mm are ﬁltered out. Even though the modelled voids extend to
3 mm, it can be seen that all particles above 0.8 mm experience
100% capture efﬁciency, in accord with the manufacturer’s 1 mm
ﬁltration rating. The ﬁltration characteristic surface in Fig. 5 is less
monotonic than for other ﬁltration simulations, shown in the
Supplementary information.
The next most complicated sample was the Aegis stainless
steel powder sinter. Image analysis of the SEM (Fig. S1) gave a
unimodal distribution of pore sizes over the range 0.5–20.0 mm
with a mode near 2.5 mm (Fig. 6). Whereas the gradient of the
mercury intrusion measurements gave a distribution which is too
sharp, the modelled curve is closer to the image analysis result.
Image analysis also shows, as large features 48 mm, the surfaceFig. 5. Filtration simulation for track etch membrane, ﬁltration rating 1 mm.
Fig. 6. Pore size distribution of Aegis stainless steel sinter determined using
mercury porosimetry, image analysis and a pore size distribution calculated using
Pore-Cor.
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porosimetry because they ﬁll with mercury on contact.
Fig. 7 shows the extent to which these methods can correctly
measure the void structure of a compound sinter comprising two
entirely different individual sinters. The image analysis of the
images of each different side of the compound sinter (Figs. S2 and
S3) gave the two entirely different ranges shown in Fig. 7. Porometry
was impossible, because the sinter was smaller than the sample
chamber, so was simulated by resin embedding the larger-pore
side of the sinter and then carrying out mercury porosimetry. As
expected, this, and its modelling, agrees with the image analysis of
the ﬁner surface (Fig. 7). The mercury porosimetry of the whole
sample straddles both size distributions. Modelling of the porosi-
metry gives a more realistic distribution at the larger scale, relative
to image analysis, than porosimetry alone.
For the other, more complicated ﬁlters, image analysis of two-
dimensional electron micrographs could not yield useful infor-
mation about 3D structure. The comparisons for these ﬁlters
(Figs. 8–11 and S4, S7, S9, S11 and S12) all show the same
relationships: a narrow size range deriving from porometry, and
hence narrow range for modelled porometry, a wider range
derived from the gradient of the mercury intrusion curve, and
an even wider range from modelled porosimetry. Although there
are no image analysis results against which to check the accuracy
of these estimates, all the modelled structures gave realistic
ﬁltration characteristics relative to the manufacturers’ ﬁltration
ratings (Figs. S6, S8, S10 and S13).
5.4. Model validation
The validity of the model was tested by comparing the
absolute gas permeabilities measured with the porometer with
those derived from an a priori simulation using the model’s
incompressible trickle-ﬂow approximation (Matthews et al.,
1995). The estimated uncertainty of the experimental measure-
ment was around 2%, which is negligible on the logarithmic
permeability axis used in Fig. 12. The track etch membrane
comprised an array of single cylindrical capillaries in what we
refer to as the z, or effective z direction. However, the model is
isotropic, and therefore simulated the track edge membrane with
additional features in the x and y directions, which did not exist in
the sample. The porosity of the simulated structure was therefore
increased by 3.2% absolute so that the volumes of the modelled
features in the z direction were identical to those in the sample.
Fig. 12 shows that there is good agreement between the
experimental and modelled permeabilities of the track etch
membrane (TEM), and agreement to within 2 standard deviations
for the skeletal clathrate structure of the Whatman cellulose
nitrate ﬁlter (WCN). There is also agreement to within one and
three standard deviations for the ﬁbrous Whatman ﬁlter paper
(WFP). However, for the glass ﬁbre ﬁlter (GFF) and the stainless
steel mesh ﬁlter (3AL3), there is no agreement because the model
is unable to reproduce the complexities of the geometry of the
ﬁbrous networks, and of the gas ﬂow through them.6. Discussion and conclusion
Fig. 4 showed very close agreement between the porometer
void size distribution, centred on 1.1 mm, and the manufacturer’s
ﬁltration rating of 1.0 mm. However, this agreement is artiﬁcial.
Porometry typically uses a proprietary ﬂuid, in this case ‘Poroﬁl’.
Although the characteristics of the ﬂuid are quoted in terms of
interfacial tension and contact angle as above, Eq. (1), these
properties derive from a prior calibration against a track etch
membrane rather than a measure of the properties of the ﬂuid.y, image analysis and void network modelling in the study of the
), doi:10.1016/j.ces.2011.05.013
Fig. 7. Pore size distributions of a 3 mm rated Porvair stainless steel sinter using mercury porosimetry, shielded mercury porosimetry and SEM and image analysis.
Fig. 8. Pore size distribution of a Whatman cellulose nitrate membrane ﬁlter
determined by mercury porosimetry and porometry, together with the pore size
distribution determined by modelling the porometry and mercury porosimetry
data with Pore-Cor.
Fig. 9. Pore size distribution of grade 1 ﬁlter paper determined by mercury
porosimetry and porometry, together with Pore-Cor modelling of mercury
porosimetry and porometry.
Fig. 10. Pore size distribution of a 0.7 mm ﬁltration-rated glass ﬁbre ﬁlter
determined experimentally using mercury porosimetry and porometry, and by
modelling the experimental data.
C.M. Gribble et al. / Chemical Engineering Science ] (]]]]) ]]]–]]] 7Thus all porometers will give the correct measure of the sizes of
track etch membranes, if used with their own proprietary ﬂuids.
Such agreement is often wrongly used to demonstrate the
accuracy of the instruments. Nevertheless, once calibrated, poro-
metry is shown to be a satisfactory method of measuring the
ﬁltration characteristics of ﬁlters with narrow size distributions,
such as track etch membranes (Fig. 4), and cellulose membranes
(Fig. 8). For ﬁlters with highly anisotropic structures with qua-
ternary level structuring, such as the stainless steel ﬁlter (Figs. 7,
S10 and S11) and glass ﬁbre ﬁlter (Fig. 10 and S8) porometry
reveals the ﬁltration characteristics but gives no indication of
holding capacity or the quaternary structure, i.e. the anisotropy of
the holding characteristic to ﬂow.
Mercury porosimetry is conﬁrmed as a robust method of
probing void structure, although interpretation by means of the
gradient of the intrusion curve grossly underestimates the num-
ber of larger shielded voids within the structure. The sizes of
these larger voids can be estimated using a void structure model
which simultaneously ﬁts the entire intrusion curve, matches the
sample porosity and includes typical relationships between thePlease cite this article as: Gribble, C.M., et al., Porometry, porosimetry, image analysis and void network modelling in the study of the
pore-level properties of ﬁlters. Chemical Engineering Science (2011), doi:10.1016/j.ces.2011.05.013
Fig. 11. Pore size distribution of stainless steel mesh ﬁlter 3AL3 determined by
mercury porosimetry, porometry and pore size distribution modelled by Pore-Cor.
Fig. 12. Absolute gas permeabilities. Error bars represent two standard deviations.
TEM: track etch membrane, WCN: Whatman cellulose nitrate membrane, WFP:
Whatman grade 1 ﬁlter paper, GFF, glass ﬁbre ﬁlter and 3AL3: stainless steel mesh
ﬁlter.
C.M. Gribble et al. / Chemical Engineering Science ] (]]]]) ]]]–]]]8sizes of pores and their adjoining throats. It has been shown that
such a model can also be used to ﬁnd the ﬁltration characteristic
from mercury porosimetry. The validity of the Cartesian model in
this work is shown to break down for ﬁlters with complicated
three-dimensional networks, such as woven and sintered ﬁbre
ﬁlters, in terms of the calculation of absolute permeability.
Nevertheless for these more complicated structures it estimates
the sizes of shielded voids, and also simulates the correct ﬁltra-
tion characteristics.Acknowledgements
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